trum. It is shown that the low-frequency modes have collective character [15] and non-acoustic properties [16] . Most recently, the experiments in colloidal systems begin to examine the normal modes at single-particle level [17] [18] [19] [20] . Despite extensive studies, however, the microscopic origin of the low-frequency modes has never been experimentally clarified, which is the main focus of this study.
We suspend PMMA particles of diameter a = 2.0µm (polydispersity < 3%) in density and refractive-index matched solvent, between two glass substrates (Methods). In the weakly polar solvent, the particles and the walls carry the same type of charges and interact with long-range repulsion [21, 22] . Since there is no particle-particle and particle-wall contact, we completely eliminate the contact frictions in our system. Using confocal microscopy, we track every particle's motion with excellent spatial(15nm) and temporal (30s −1 ) resolutions. We study perfect 2D samples by one single particle layer between two glass substrates. To quantitatively describe individual particle's local environment, we directly measure each particle's local orientational order parameter, Ψ 6i , determined by the nearest neighbors' arrangement: Ψ 6i = 1 means perfect hexagonal arrangement around particle i and Ψ 6i = 0 indicates totally random arrangement(see Methods for exact definition). We use different colors to represent the different Ψ 6i values in Fig.1a . Clearly our heterogeneous samples contain both ordered and disordered particles, with Ψ 6i ranging from 0 to 1. We can also systematically vary the overall amount of disorder: by increasing the number density, we increase the particle interaction and achieve more ordered samples, as shown by sample-A through sample-D in Fig.1a and Fig.1b .
For each sample, we track the motions of all particles for 2000 frames and extract the normal modes with covariance matrix method [18] [19] [20] (Methods). This method is valid for stable and metastable systems, in which no particle should rearrange; we therefore check every frame to make sure no particle rearranges for the entire process. Within the measurement time, every particle moves around its well-defined equilibrium position and the system is metastable; while for longer time, thermal motions cause rearrangements and the system relaxes. This relaxation limits our measurement time to 2000 frames. To compare the behaviors of particles under different local environment, in each sample we divide all particles into two groups: the relatively disordered particles with Ψ 6i less than the system average (Ψ 6i < Ψ 6i ), and the relatively ordered particles with Ψ 6i larger than the system average (Ψ 6i > Ψ 6i ). The comparison between the two groups will clarify the special role of the disordered particles in the low-frequency modes. Fig.1c shows the mean square displacement(MSD) for the relatively disordered particles (labeled as "dis") and the relatively ordered particles (labeled as "ord") in samples A and C. The disordered curves are higher than the corresponding ordered ones, indicating the qualitatively larger movements of the disordered particles. In addition, all curves are below the dashed line of free diffusion, as the result of caging effect.
From the particle tracking, we extract the normal modes at single-particle level, over three orders of magnitude in frequency. We plot the density of states, D(ω), in Fig.2a [23] . For each curve, we can clearly identify two characteristic frequencies, ω † and ω ‡ , which divide D(ω) into three regimes: a rapidly rising low-frequency regime (ω < ω † ), a medium-frequency plateau (ω † < ω < ω ‡ ), and a high-frequency regime (ω > ω ‡ ). For the first time, we experimentally measure a plateau in D(ω), which is predicted in the jamming model as the result of isostaticity [4, 5, 11] . This plateau did not appear in previous measurements [18] [19] [20] , possibly due to the effect of contact frictions [24] . From A to D, as system disorder decreases, the number of the lowfrequency modes reduces, the plateau width between ω † and ω ‡ shrinks, and the plateau height lowers. The diminishing of the plateau should come from the reduced amount of isostatic particles. To illustrate the microscopic origin of the low-frequency modes, we analyze the normal modes at single-particle level. Fig.3a shows three typical modes in the three different regimes of sample A (see Supplementary Information for other samples). The low-frequency mode is quasi-localized with large-scale collective correlations, consistent with the jamming model [4, 6, 11, 13] ; while the other two modes look rather random. Further inspection on the low-frequency mode reveals that its large-amplitude vibrations mostly occur at the disordered particle sites. To quantitatively verify this, we compute the average squared amplitude of the relatively disordered particles, A 2 dis , and the relatively ordered particle, A 2 ord . Their ratio, A 2 dis /A 2 ord , quantifies the relative vibrational strength between the two groups. We plot this ratio at all frequencies in Fig.3c . In all the samples, A 2 dis /A 2 ord is greater than one at small ω but quickly drops to unity as ω increases. This quantitatively proves that the disordered particles vibrate stronger than the ordered ones at low frequencies.
Moreover, the transition frequency, where A 2 dis /A 2 ord approaches unity, can separately define an ω † , which coincides exactly with the one found in D(ω) (Fig.2a) . These data strongly suggest that all the low-frequency modes in the first regime (ω < ω † ) are caused by the large-amplitude resonance of disordered particles, clarifying the microscopic origin of the low-frequency modes.
While the polarization vectors in real space reveal the resonance, their Fourier transform in q space brings further insights. In Fig.3b , we decompose the same modes of Combining all the properties of the first regime (ω < ω † ), we now draw the final conclusion on the low-frequency modes: they are caused by the collective resonance of the relatively disordered particles, coupled with long-wavelength transverse excitations. This conclusion is based on the direct measurements of every particle's local environment and vibrational properties in real and
Fourier space, and may also apply to other disordered systems.
Besides the microscopic origin, we illustrate another interesting property of the low-frequency modes: their ability to drive the real dynamics [25, 26] . By projecting the long-time (2000 frames) displacement field onto the normal mode basis (Methods) [27] , we find the displacement mainly falls on the low-frequency modes. Fig.4a and 4b compare the displacement field and the superposition of ten most contributed low-frequency modes in sample A, both vector fields look quite similar. Their difference is shown in Fig.4c : the small residue proves their excellent agreement unambiguously. Fig.4d shows the sum of the projection probabilities, |c ω | 2 , and quantitatively confirms the major contributions from the low-frequency modes. The fact that we can wonderfully map the complex displacements of thousands of particles with only ten low-frequency modes is rather astonishing. It demonstrates that although the real dynamics is thermally driven, it is not 5 random during a long-time interval; instead it follows specific low-frequency modes. Similarly, we suspect that aging, melting and yielding may also be initiated by specific low-frequency modes, and speculate the excitation of these modes as the universal mechanism for these general phenomena.
In this study, we experimentally illustrate the origin and properties of the low-frequency modes in disordered systems. By dividing all particles into different groups with respect to their local environment (Ψ 6i ), we explicitly demonstrate the important role of the relatively disordered particles. We note that Ψ 6i is just one of the many parameters that can be used. We make 2D samples by trapping one layer of particles between two cover glasses. The glass surfaces are also grafted with PHSA polymers, and repel the particles from large distance.
Local Orientational Order Parameter. The local orientational order parameter for particle i is defined as:
Here n i is the number of nearest neighbors of particle i, and θ mi is the angle between r m − r i and the x axis. Ψ 6i = 1 means the perfect hexagonal arrangement of six nearest neighbors and Ψ 6i = 0 means totally random arrangement.
Covariance Matrix Method. From particle tracking, we can construct the covariance matrix and solve for the normal modes. The elements of the covariance matrix are defined as:
where u(t) is the particle displacement at time t, and i, j = 1, ..., 
Here ω labels the mode. e i and r i are the polarization vector and the equilibrium position vector of particle i. The summation is over all particles.
Projection of the Real Dynamics onto the Normal Modes.
We first obtain the displacement field during the time window of τ =2000 frames:
We then project it onto the normal mode |ω >, with the prefactor c ω determined by:
The prefactors satisfy Σ|c ω | 2 = 1 for a complete set of modes. We find that for some specific lowfrequency modes, the |c ω | 2 values are particularly large. These modes can therefore be regarded as the driving modes of the real dynamics. 
